1 Despite substantial evidence on the essential roles of cell wall invertase (CWIN) in seed 2 filling, it remains largely unknown as to how CWIN exerts its regulation early in seed 3 development, a critical stage that sets yield potential. To fill this knowledge gap, we 4 systematically examined the spatial and temporal expression patterns of a major cell 5 wall invertase gene, GhCWIN1, in cotton seeds from pre-fertilization to pre-storage 6 phase. GhCWIN1 mRNA was abundant at the innermost seed coat cell layer at 5 DAA 7 but became undetectable at 10 DAA, at the onset of its differentiation into transfer cells 
Introduction

1
Sucrose is the primary carbon source translocated through phloem from photosynthetic 2 leaves to non-photosynthetic sinks such as developing seed. Prior to its use for 3 metabolism and biosynthesis, sucrose must be degraded into hexoses, by either sucrose 4 synthase (Sus, EC 2.4.1.13) or invertase (ß-fructosidase; EC 3.2.1.26). Sus cleaves 5 sucrose into UDP-glucose and fructose and is largely involved in cell wall and starch 6 biosynthesis (Chourey et al., 1998; Brill et al., 2011) and maintaining sink strength 7 (Pozueta-Romero et al., 1999; Xu et al., 2012) . Invertase, on the other hand, irreversibly 8 hydrolyzes sucrose into fructose and glucose, and plays vital roles in plant development 9 and stress responses (Ruan et al., 2010; Li et al., 2012) . 10 Invertase can be classified into three subgroups as cell wall invertases (CWINs), 11 cytoplasmic invertases (CINs), and vacuolar invertases (VINs) (Roitsch and González, 12 2004). Different from the other two isoenzymes, CWINs are insoluble proteins ionically 13 bound to the cell wall, cleaving sucrose in the apoplasm. The resultant hexoses are often 14 transported into cells across plasma membranes by hexose transporters. Therefore, 15 CWINs are central to phloem unloading and carbon partitioning, especially in cellular 16 sites lacking symplasmic (plasmodesmal) connections (Patrick and Offler, 2001; tomato (Zanor et al., 2009) . With an exception in tobacco (Tomlinson et al., 2004) , high 1 and low glucose to sucrose ratios generally favor cell division, or promote cell 2 differentiation, respectively, during seed development (reviewed by Weber et al., 2005) . 3 Consistently, high CWIN activities correlate with high glucose level and mitotic activity 4 in faba bean embryo (Weber et al 1996; 1997) and maize endosperm (Cheng et al., 1996; 5 Vihar et al., 2002) . Loss of CWIN expression reduces seed filling in maize (Cheng et al., 6 1996) and rice (Wang et al., 2008) , whereas elevation of CWIN activity by silencing its 7 inhibitor increases seed size in tomato (Jin et al., 2009) , demonstrating the critical role 8 of CWIN in seed development. 9 The progresses described above, however, mainly focus on the roles of CWIN in seed 10 filling from pre-storage to storage phases; it remains largely unknown as to how CWIN 11 exerts its potential role early in seed development, a critical stage that sets yield 12 potential. Seed set is determined during fertilization and within several days post 13 fertilization and characterized with intensive cell division in filial tissues, which may be 14 controlled by CWIN-mediated glucose signaling (Ruan et al., 2012) . Moreover, like in 15 mammals, early embryo development is highly sensitive to biotic or abiotic stresses 16 leading to abnormal development or even abortion, hence irreversible yield loss (Ruan 17 et al., 2012) . Recent studies show that reduction of invertase activity is likely a major 18 factor causing early abortion of maize grain under drought (Boyer and McLaughlin, of plant reproductive biology but could also lead to new ways to improve crop yield and 1 tolerance to stress. 2 As the first step towards filling this knowledge gap, we systematically examined the 3 spatial and temporal expressions of a cell wall invertase, GhCWIN1, in cotton seeds 4 from pre-fertilization to pre-storage phase. In cotton seed, sucrose is unloaded from 5 phloem in outer seed coat, and delivered outwards to seed epidermis for fiber growth, 6 and inwards to filial tissues (Ruan et al., 1997) . At ~10 days after anthesis (DAA), the 7 innermost layer of cotton seed coat develops into transfer cells (TCs) with invaginated 8 cell wall ingrowths (WIs), which facilitates the efflux of nutrients to developing 9 endosperm and embryo (Pugh et al., 2010) . These features render cotton seed an ideal 10 system to explore the role of CWIN in early seed development. To achieve this, we 11 cloned a major cell wall invertase cDNA, GhCWIN1, from young cotton seeds. By 12 examining its spatial and temporal expressions in cotton seeds from pre-fertilization to 13 pre-storage phase, we made several novel observations on the dynamics of GhCWIN1 GhCWIN1 alleles, suggesting GhCWIN1 is a highly expressed CWIN isoform in cotton.
Results
1
Cloning of a cotton CWIN cDNA that is highly expressed in developing seed
GhCWIN1 was highly expressed in developing seed and root, but weakly in stem, 1 cotyledons and source leaves ( Figure 1A ). Developmentally, GhCWIN1 transcript levels In planta CWIN activity is capped by its inhibitory protein (Jin et al 2009 Figure 3D ).
18
The physiological significance of GhCWIN1 expression would depend on, in part, the GhCWIN1 were expressed in syncytial endosperm undergoing nuclear division. As the seed develops to 10 DAA, the seed coat TCPs begin to develop intensive wall developmental changes, GhCWIN1 exhibited further intrinsic shifts in spatial patterning. Figure 5C ). GhCWIN1 mRNA, however, was expressed in a small area of 8 endospermic parenchyma cells attached to the suspensor at micropyle end ( Figure 5F ).
9
GhCWIN1 transcript was also detected in the globular embryo ( Figures 5C and F) , as 10 compared to that in the sense control ( Figure 5B ).
11
As development progresses, globular embryo gives rise to the "heart" and then which was identified previously as provascullar cells (see Baima et al., 1995; Hardtke 6 and Berleth, 1998; Tucker et al., 2008) . Thus, AtCWIN4 probably highly expresses in 7 the provascular tissues during embryogenesis. et al., 1996; Weber et al., 1996; Wang et al., 2008; Jin et al., 2009; 15 Zanor et al., 2009). However, it remains largely unknown as to how CWIN exerts its It is remarkable that as embryogenesis progress, GhCWIN1 expression became more 7 zone-specific within the torpedo embryo, exhibiting a "V" shape pattern ( Figure 6E ). as summarized in Figure 8 and discussed below.
8
After double fertilization, the endosperm undergoes nuclear division earlier and faster 9 than the embryo (Berger, 1999; Bate et al., 2004) . In cotton, nuclear division of 10 endosperm starts immediately after fertilization, while the fertilized egg does not divide 11 until several days later (Stewart, 1986 ). Maintaining such a developmental sequence is 12 important for proper seed development (Ruan et al., 2008) . However, the underlying 13 mechanism is unknown. Here, we propose that strong expression of GhCWIN1 in were performed using JMP 9 statistics software. these genes in the filial tissue ( Supply Fig 3) . (F) A magnified view of (C) at micropyle endosperm and embryo. note GhCWIN1 mRNA signals detected in the globular embryo and in the underlying 2-3 layers of cellularised endosperm cells. em, embryo; en, endosperm; mce, micropylar cellularising endosperm; f, fiber; isc, inner seed coat; n, nucellus; osc, outer seed coat; tc, transfer cell. Bars = 100μm in (A) to (B), 50μm in (D) to (F). (A) After phloem unloading in seed coat, part of the sucrose (S) is partitioned outwards to the developing fibers (not shown), while the remainder is hydrolyzed by GhCWIN1 at the interface between outer-and inner-seed coat and at the transfer cell precursor (TCP) located at the innermost layer of seed coat. The resultant hexose (H) serves as a signal to (i) repress TC development and (ii) stimulate endosperm nuclear division after being transported by putative hexose transporters ( Suppl Fig 3) . Sucrose also flows to the embryo sac, possibly mediated by sucrose transporters (Suppl Fig 3; Ruan et al., 2001) , where it is hydrolyzed by CWIN within the syncytial endosperm for nuclear division.
(B) At the globular embryo stage, GhCWIN1 expression became undetectable in the seed coat. Sucrose is degraded by Sus at the innermost layer of seed coat for TC WIs (Ruan et al., 1997; Pugh et al., 2010) or moved towards the filial tissues mediated by sucrose transporters (Ruan et al., 2001) . Sucrose is cleaved by sucrose synthase (Sus) in the cellularising endosperm for cell-wall biosynthesis (cellularisation) (Ruan et al., 2008) . Some sucrose is transported to the globular embryo for CWIN-mediated hydrolysis, yielding glucose for cell division. Involvement of sucrose and hexose transporters in delivering sugars to the globular embryo is indicated by the expression of these genes in the filial tissue ( Supply Fig 3) .
(C) Model of CWIN-and Sus mediated seed development at the torpedo stage is similar to that at the globular embryo stage, except for the stronger expression of Sus in the TC for intensive WIs (Pugh et al., 2010) and of GhCWIN1 in the central region of the torpedo embryo for provascular development.
em, embryo; en, endosperm; H, hexoses; N; nucellus; S, sucrose; SC, seed coat; V, vascular bundle; TC, transfer cell; TCP; transfer cell precursor; WIs: wall ingrowths.
